Addressing power and control to individual untethered microrobots is a challenge for small-scale robotics. We present a 250ϫ 130ϫ 100 m 3 magnetic robot wirelessly driven by pulsed external magnetic fields. An induced stick-slip motion results in translation speeds over 8 mm/s. Control of multiple robots is achieved by an array of addressable electrostatic anchoring pads on the surface, which selectively fixes microrobots, preventing translation. We demonstrate control of two microrobots in both uncoupled individual motion and coupled symmetric motion. An estimated anchoring force of 23.0 N is necessary to effectively fix each microrobot.
have resulted in wireless control of individual mobile microrobots. However, the control of multiple microrobots presents challenges, as the power delivery and control mechanisms may not be conducive to this task. For power delivery mechanisms that rely on oscillating electric or magnetic fields, microrobots can be designed to respond differently to various actuation waveforms. This approach can allow for multiple microrobot control, 1 but thus far in the literature, the microrobots' motions are coupled to one another, requiring sophisticated algorithms to create motion paths for each microrobot. In addition, the maximum number of microrobots possible can be limited due to fabrication issues, especially since each individual robot must be mechanically different.
To enable the control of multiple microrobots in our electromagnetically actuated system, 3, 4 we introduce electrostatic forces to selectively anchor microrobots to the surface. This allows for any unanchored robot to be driven by the encompassing magnetic fields, while keeping anchored robots immovable. This approach allows for the uncoupled serial actuation of each microrobot, as well as coupled parallel actuation of multiple robots. In this scheme, microrobots do not need to possess geometric differences as in other approaches.
1,5 Figure 1͑a͒ shows a schematic displaying our multirobot motion control methodology with four microrobots.
A rectangular prismatic magnetic microrobot 250 m long by 130 m wide and 100 m thick is actuated by five independent square-turn electromagnetic coils, controlled by a computer at 1 kHz bandwidth. 3, 4 The microrobot is laser micromachined ͑Quicklaze, New Wave͒ out of a magnetized piece of neodymium-iron-boron, a hard magnetic material. Actuation of the microrobot is accomplished by enabling two electromagnetic coils. One of four upright coils is held at a constant current, resulting in a magnetic field of 2.3 mT at the position of the microrobot ͑about 50 times the Earth's magnetic field͒, which orients the robot on the working surface toward the coil. The magnetic force exerted by one coil is insufficient to translate the microrobot due to the relatively high friction and adhesion forces experienced on the surface. Thus, a clamping coil is activated beneath the surface, and is pulsed using a sawtooth waveform with a maximum amplitude of 2.3 mT at frequencies from 1 to 100 Hz. The resulting time-varying magnetic field causes the microrobot to rock nonuniformly, which induces stick-slip motion across the surface. 4 The robot velocity monotonically increases with pulsing frequency, exceeding 8 mm/s in air. The microrobot is also capable of operating on a variety of surfaces and in liquid environments. 4 A camera ͑Sony XC-75͒ with a microscope lens provides visual feedback of the workspace.
For multiple microrobot control, the substrate upon which the robot moves has an array of independently controlled interdigitated electrodes to provide electrostatic anchoring. A 100 nm aluminum layer is deposited onto a glass slide and patterned into the electrodes. A thin layer of SU-8 ͑2-7 m͒ is coated onto the aluminum and is in direct contact with the microrobots. SU-8 is used because it is inexpensive and has a high dielectric strength ͑112 V / m͒, which will support the generation of the large electric fields necessary to anchor a microrobot without damaging the substrate. For experiments, a surface with four independent electrostatic pads was fabricated. Figure 1͑b͒ displays a free body diagram of a microrobot anchored on one pad with external forces, and a cross section of the substrate.
For the case of a conductive microrobot above an SU-8 insulation layer covering a set of interdigitated electrodes at an applied voltage difference of V id , the conductor will assume a potential halfway between the two, or 1 2 V id , if it overlaps equal areas of electrodes at both voltages. 2 With this assumption and considering negligible fringing, an estimate of the anchoring force, F id , exerted by the interdigitated electrodes onto the microrobot is
where A id is the area of the electrodes overlapping the microrobot, g is the insulator thickness, 0 is the permittivity of free space, and r is the relative static permittivity of the insulating material ͑ r = 4.1 for SU-8͒.
To affix a microrobot to the surface, the electrostatic anchoring must suppress the magnetic torque ͑T y ͒ induced rotation about its contact point with the surface. this torque significantly dominates the other interactions experienced by the microrobot, shown in Fig. 1͑b͒ . The maximum magnetic torque T max that can be applied to a robot with a magnetization M ជ at the maximum field strength B ជ max within our system is
Treating the magnetic torque as a pair of forces acting in opposite directions on the ends of the microrobot, each of these forces is approximately 11.5 N. To counteract this, the anchoring force must be approximately twice this value, as it is assumed to be evenly distributed across the bottom of the robot, and the torque about the pivot point will act at the center of the robot. Using Eq. ͑1͒ and noting that for electrodes that are 10 m wide with 10 m spacing, making A id approximately half the apparent robot area of 250 ϫ 130 m 2 , and an SU-8 thickness of g = 3.5 m, the required voltage is approximately 62 V.
In Fig. 2 , an experimental plot of microrobot velocity versus electrostatic anchoring voltage is shown. The required voltage is about 240 V to suppress robot motion. Robot velocity does not monotonically decrease as voltage is increased, but experiences a local maximum near 160 V. From stick-slip dynamic simulations, we have found that in certain regimes, increases in friction can increase robot velocity. 4 As an increased electrostatic anchoring force increases friction between the robot and surface, an increase in velocity is possible. For the purpose of multirobot control, however, only the critical voltage for effective anchoring is important.
The high voltage requirement from Fig. 2 is likely caused by a layer of air trapped between the surface asperities of the robot and SU-8. An additional air layer with thickness comparable to the robot's maximum asperity height, a, causes the total capacitance C tot between the robot and the electrodes to be C tot = ͓C 1 −1 + C 2 −1 ͔ −1 , where C 1 is the capacitance associated with the SU-8 ͓C 1 = ͑ 0 r / g͒A id ͔ and C 2 is associated with the air gap ͓C 2 Х͑ 0 / a͒A id ͔. Using the principal of virtual work and successive application of the chain rule for differentiation, the electrostatic anchoring force with an air gap, F id,ag , will be
where k is a constant ͑0 Ͻ k Ͻ 1͒ relating the amount of virtual SU-8 displacement that occurs per unit of total virtual displacement. Assuming V id = 240 V and taking the limit when k = 0 and all the contractions are in the air gap, the robot's surface roughness would be 2.45 m. When k =1 and all the contractions are in the SU-8, the roughness would be 5.85 m. A microrobot surface roughness of 2 -10 m has been experimentally observed, thus a trapped air layer seems a likely cause for the increased value of V id required for anchoring. Experimental results are provided in Fig. 3 , which shows frames from a video where two magnetic microrobots are translated both individually and simultaneously ͓Figs. 3͑a͒-3͑c͔͒, and also presents the microrobots' y-displacement as a function of time ͓Fig. 3͑d͔͒ ͑see video online 9 ͒. Decoupling in position is demonstrated, however, coupling in orientation is nearly unavoidable due to the strong magnetic torque exerted in the z-direction on the microrobots; thus both anchored and unanchored microrobots rotate in the z-axis simultaneously. However, the added electrostatic force prevents the anchored robot from effectively rocking on the surface, suppressing any stick-slip translation. Discontinuities in a microrobot's position occur whenever its M ជ is initially parallel to the substrate and the electromagnetic clamp is engaged, or M ជ is orthogonal to the substrate and the electrostatic anchor is engaged.
As two permanent magnets will snap together at a critical distance, a minimum inter-robot spacing is necessary, on the order of several robot body lengths. For effective multirobot cooperation, no two robots should ever be within this range of each other. The maximum size of the electrostatic pads should be comparable to this distance as well; any larger, and one cannot effectively utilize the entire working area. Smaller pads may be preferable for finer control of the anchoring area, but introduce increased hardware complexity. Regardless of the electrostatic pad size, sufficient area must be activated to ensure anchoring of a robot at all orientations and account for any drift. In addition, to decrease the snap-into-contact distance, robots with lower magnetization values can be utilized; this will be presented in future work.
In summary, we demonstrate that electrostatic coupling to a substrate can facilitate multirobot control for untethered magnetic microrobots. Two microrobots were shown to be uncoupled from each other in position, and can be translated independently of each other in the presence of a global driving magnetic field. An estimated anchoring force of 23.0 N was necessary to effectively fix a microrobot. Future works will include increasing the number of electrostatic anchoring pads and robots, and developing algorithms to control the motion of an arbitrary number of microrobots autonomously.
